A B S T R A C T To evaluate the role of hyperketonemia in the hypoalaninemia and decreased protein catabolism of prolonged starvation, Na DL-P-hydroxybutyrate was administered as a primed continuous 3-6-h infusion in nonobese subjects and in obese subjects in the postabsorptive state and after 3 days and 3-51 wk of starvation. An additional obese group received 12-h ketone infusions on 2 consecutive days after 5-10 wk of fasting.
A B S T R A C T To evaluate the role of hyperketonemia in the hypoalaninemia and decreased protein catabolism of prolonged starvation, Na DL-P-hydroxybutyrate was administered as a primed continuous 3-6-h infusion in nonobese subjects and in obese subjects in the postabsorptive state and after 3 days and 3-51 wk of starvation. An additional obese group received 12-h ketone infusions on 2 consecutive days after 5-10 wk of fasting.
The ketone infusion in nonobese and obese subjects studied in the postabsorptive state resulted in total blood ketone acid levels of 1.1-1.2 mM, a 5-15 mg/100 ml decrease in plasma glucose, and unchanged levels of insulin, glucagon, lactate, and pyruvate. Plasma alanine fell by 21% (P <0.001) in 3 h. In contrast, other amino acids were stable or varied by less than 10%. Infusions lasting 6 h reduced plasma alanine by 37%, reaching levels comparable to those observed in prolonged starvation. Equimolar infusions of NaCl and/or administration of NaHCOs failed to alter plasma alanine levels.
During prolonged fasting, plasma alanine, which had fallen by 40% below prefast levels, fell an additional 30% in response to the ketone infusion. In association with repeated prolonged (12 h) infusions in subjects fasted 5-10 wk, urinary nitrogen excretion fell by 30%, returning to base line after cessation of the infusions and paralleling the changes in plasma alanine. Ketone infusions resulted in two-to fourfold greater increments in blood ketone acids in fasted as compared to postabsorptive subjects.
It is concluded that increased blood ketone acid levels induced by infusions of Na DL-P-hydroxybutyrate result
INTRODUCTION
In fasting man survival is dependent upon the conservation of body protein stores as well as the continuous supply of energy-yielding fuels for brain metabolism (1) . The need for gluconeogenesis and concomitantly the rate of protein breakdown progressively decline in prolonged starvation as ketone acids replace glucose as the major fuel consumed by the brain (2) . The diminution in hepatic gluconeogenesis in prolonged fasting is mediated by a reduction in circulating glucogenic amino acids, particularly alanine, and a decrease in the outflow of these amino acids from muscle (3, 4) . After a prolonged fast, plasma alanine decreases to a greater extent than that of all other amino acids, while splanchnic uptake and peripheral release of alanine are reduced to less than 50% of postabsorptive levels (3, 4) .
The mechanism of this decrease in alanine availability in starvation has not been established. Neither decreases in plasma insulin (5, 6) nor transient increases in plasma glucagon (7) and growth hormone (5, 8) can account for the progressive decline in circulating alanine levels and nitrogen catabolism observed in prolonged starvation. In the present study P-hydroxybutyrate (f-OHB)1 infusions were used to investigate the effect of hyperketonemia on circulating concentrations of amino acids in postabsorptive and fasted man. In addition, prolonged infusions of ketones were administered for two consecutive days to subjects fasted 5 or more wk to determine whether changes in ketone acid 1Abbreviations used in this paper: AcAc, acetoacetate; Na DL-fi-OHB, sodium DL-p-hydroxybutyrate; p-OHB, 8- hydroxybutyrate.
concentrations can influence nitrogen excretion and protein catabolism in starvation.
METHODS
Subjects. Two groups of subj ects were studied. The first group consisted of nine healthy, nonobese volunteers (six males and three females) within 10% of ideal body weight (based on 1959 Metropolitan Life Insurance Company Tables). The subjects ranged in age from 21-31 yr. They consumed weight-maintaining diets containing a minimum of 200 g of carbohydrate and were taking no drugs. All had negative family histories for diabetes mellitus and none had an elevated fasting plasma glucose. The second group consisted of 10 healthy obese subjects (3 males and 7 females) who were hospitalized at the Clinical Research Center of the Yale-NewHaven Hospital. Each had volunteered to undergo prolonged fasting after failure of dietary therapy. They were 33-176% (106+15%, mean +SE) above ideal weight (based on 1959 Metropolitan Life Insurance Company Tables), and ranged in age from 19 to 38 yr. 9 of the 10 obese subj ects had a normal plasma glucose response to 100 g of oral glucose (9) ; one subject had mild glucose intolerance (2 h plasma glucose 156 mg/ 100 ml) with a normal fasting plasma glucose. All had normal serum thyroxine levels, and normal renal and hepatic function. For at least 3 days before study they consumed a 3,000-kcal diet containing 300 g of carbohydrate and 125 g of protein and were taking no drugs.
The subj ects were informed of the nature, purpose, and possible risks of the study before obtaining their written voluntary consent to participate. Daily intake during fasting was restricted to 2,000 ml of water, one multivitamin tablet (Theragran, E. R. Squibb & Sons, New York), 1 mg of folic acid (Volvite, American Cyanamid Co., Lederle Laboratories Div., Pearl River, N. Y.), and intermittently 650 mg of sodium bicarbonate (sugar free) and 20 meq of potassium gluconate (Kaon, Warren-Teed Products [Pharmaceuticals], Columbus, Ohio). No potassium gluconate was administered for 7 days before, during, or for 4 days after the infusion of ketones.
Procedutrcs. The nonobese volunteers were studied after a 12-15-h fast (postabsorptive state). A total of 10 ketone infusions were performed in this group (one subject was studied on two occasions). The obese subjects were studied in the postabsorptive state (n = 5), after a 3-day fast (t = 3), and after a 3-52-wk fast (t = 4). An additional obese group (t= 5) was studied with prolonged (12 h) infusions after 5-10 wk of starvation (see below).
An indwelling catheter was inserted in an antecubital vein for blood sampling and in the contralateral vein for administration of sodium DL-3-hydroxybutyrate (Na DL-p-OHB). The NaDL-P-OHB utilized for the infusion (obtained from Nutritional Biochemical Co., Cleveland, Ohio) was prepared as a 40% solution in sterile water, passed through a 22 gm filter apparatus (Millipore Corp., Bedford, Mass.) and stored at 40C until used. Each lot was tested for pyrogen (10) and cultured for bacterial contamination before use. Before administration, sterile, pyrogen-free water was added to the Na DL-P-OHB solution to achieve a final solute concentration in the infusate which varied between 3.6 and 7.1 g/100 ml. By varying the ketone concentration in the infusate, a standard continuous delivery rate (3.9 ml/min) was employed in all subjects. The ketone solution was administered as a primed-continuous infusion via a peristaltic infusion pump (Harvard Apparatus Co., Inc., Millis, Mass.). The priming dose was given over the initial 20-min period at twice the continuous infusion dose. The continuous infusion dose in nonobese subjects was 3 mg/kg body weight per min administered for 3 h. The dose in the obese subj ects was 110 mg/m2 body surface area per min administered for 6 h. Eight additional healthy subjects were studied in the postabsorptive state during the infusion of sodium chloride or sodium bicarbonate under conditions identical with those employed for the ketone infusions. Four of the subjects received infusions of sodium chloride (NaCl) in amounts equimolar to the Na DL-f3-OHB infusion. Four subjects received an infusion of sodium bicarbonate (NaHCO3) to deliver approximately 100-135 meq of NaHCO3. This amount of bicarbonate was chosen to produce an increment in serum bicarbonate similar to that observed with the infusion of Na-DL-j3-OHB (see Results, below).
After the subjects had been resting in the recumbent position for a minimum of 30 min, at least two base-line blood samples were drawn at 15-min intervals before initiation of the infusion; additional blood samples were drawn at 5, 15, and 30 min after the start of the infusion and at 30-min intervals thereafter until completion of the infusion at 180 min. Blood samples were also obtained from the obese subjects after the infusion was discontinued for amino acid measurements in order to follow the time-course of the postinfusion response. Control values represent the mean of two observations on each subject preceding Na DL-/3-OHB administration. § P values refer to significance of difference from time "0" (paired t test). Only values which differ significantly are indicated.
Effect of Ketone Infusions on Amino Acid and Nitrogen Metabolism in Man
To determine the effects of hyperketonemia on protein catabolism during starvation, as reflected by urinary nitrogen excretion, five additional obese subj ects were given prolonged (12 h) infusions of Na DL-fl-OHB on 2 consecutive days after 5-10 wk of starvation. The dose of ketone acids was 55 mg/m' body surface area per min given i.v. as a continuous infusion (by peristaltic pump) between 9:00 a.m. and 9 :00 p.m. The subjects continued to fast for 4 days after completion of the infusions. Blood samples were drawn before, upon completion of the infusions, and at 9:00 a.m. on days 1, 3, and 4 of the 4 days postinfusion. Urine was collected in refrigerated containers for 24 h periods (9 :00 a.m.-9:00 a.m.) beginning 4 days before ketone administration (preinfusion period), during the 2-day infusion period, and for 4 days-after ketone administration (postinfusion period). Values for each subject's daily urine nitrogen excretion during and after the ketone infusions were compared with the mean of the 4 preinfusion values.
Analyses. The methods employed for the determination of plasma glucose, plasma immunoreactive insulin, plasma immunoreactive glucagon, (using Unger antibody 30K) and plasma acidic and neutral amino acids have been described previously (11 
RESULTS
Response to ketone infu/sion in nonobese subjects. Fig. 1 demonstrates the changes in blood ketones, lactate, and pyruvate, and in plasma glucose, insulin, and glucagon produced by the infusion of Na DL-P-OHB in normal subjects. Ketone (18) , there was a small (5-10 mg/100 ml) but significant (P < 0.01) decrease in plasma glucose which was maximal at 30 min and persisted throughout the 3-h study period. The mean maximal glucose decrement averaged 8±2 mg/ 100 ml. Plasma insulin and glucagon concentrations were unchanged. Blood lactate and pyruvate concentrations were measured during the ketone infusion to determine if significant shifts in redox state were induced (Fig. 1) . Neither the concentration of pyruvate nor lactate was altered by Na DL-P-OHB administration. Serum bicarbonate which was 26±1 meq/liter in the basal state rose by 5±1 meq/liter at termination of the infusion.
The effect of hyperketonemia on plasma amino acid concentrations is summarized in Table I . Plasma alanine fell significantly at 1 h and decreased progressively during the study period. The mean maximal decline in alanine was 21±22cc. In contrast to alanine, the concentrations of other amino acids were unchanged, or in the case of threonine, serine, and glycine fell by less than 10%.
To exclude the possibility that the fall in plasma alanine was a consequence of either plasma volume expansion or ketone-induced alkalosis, the effects of infusions of NaCl and NaHCO3 were examined. Infusion of NaHCO3 resulted in an increase in serum bicarbonate of 3±1 meq/liter, comparable to that observed with the ketone infusion. As shown in Fig. 2 , in contrast to the hvpoalaninemic effect of ketones, neither infusion of NaCl nor NaHCO3 altered plasma alanine concentration. The concentrations of other acidic and neutral amino acids were also unchanged by these infusions.
Response to ketone infusion, in Postabsorptive obese subjects. The basal concentrations of ketone acids in the obese group were 0.12±0.03 mM1 for P-OHB and 0.04+0.02 mM for AcAc. These values and the ketone concentrations achieved in the obese group during the Na DL-#-OHB infusion were not significantly different from those observed in the nonobese group. The mean levels at 1-6 h of the infusion were 0.94±0.10 mnM for f-OHB, 0.25±0.02 mMI for AcAc, and 1.19±0.12 mMI for total ketones. As in the nonobese group, the obese subjects demonstrated a small decline in plasma glucose (12+2 mg/100 ml), but no changes in plasma insulin or glucagon concentrations during the infusions.
The effect of Na DL-8-OHB administration on plasma amino acid levels is shown in Table II . Plasma alanine fell 20% after 3 h and continued to decline as the infusion was extended for 6 h. The mean maximal decre- ment in alanine was 37±3%. After the infusion was discontinued, plasma alanine remained depressed for an additional 4 h and returned toward base line at 24 h. With respect to other amino acids, plasma concentrations at 3 h were unchanged from the basal state with the exception of small declines in plasma taurine, tvrosine, and valine. These results were similar to those observed in the nonobese group. After 6 h there was a significant reduction in all amino acids other than leucine, isoleucine, cystine, and a-aminobutyrate. However, the magnitude of the decrease in alanine exceeded that of all other amino acids (Table II) .
Responise to ketonie inifuision duirinig starvation. To determine if the effects of increments in blood ketone acids on circulating amino acid levels observed in the postabsorptive state occur during fasting as well, obese subjects were studied after 3 days and 3-5Iwk of starvation. After a 3-day fast, base line total ketone concentrations were 1.39±0.22 mMI. Infusion of Na DL-P-OHB resulted in an increment in total ketones which was approximately twice that obtained in the postabsorptive state and which failed to reach a stable plateau even after 6 h (Fig. 3) . After prolonged (3-51 wk) fasting, I-OHB infusion produced a progressive increase in total ketones from basal levels of 5.72±0.64 mM1 to peak values of 10.39±0.91 mM. The increment in total ketones induced by the infusion was approximately four times greater than that observed in postabsorptive studies (Fig. 3) . A small decline was observed in plasma gluclose (5-8 mg/100 ml). Plasma insulin and glucagon concentrations which were 9.8+1.4 juU/ml and 97±21 pg/ml, respectively, in the basal state (3-51--wk fast) Indicates studies after prolonged fasting (3-5i wk).
remained unchanged throughout the infusion (final values: insulin 9.8±1.3 iU/ml; glucagon 118+32 pg/ml). During starvation, basal plasma alanine levels fell to 278±21 AM at 3 days (85% of prefast levels) and to 195±11 AM at 3-5A wk (60% of prefast levels). Infusion of Na DL-13-OHB during starvation produced a prompt decline in plasma alanine which returned to base line with cessation of the infusion (Fig. 4) . The mean maximal decline in plasma alanine was 48±5% in the 3-day fasted group and 30±9% in the group fasted 3-5k wk. In contrast to the fall in alanine, the concentrations of all other amino acids (except taurine) were unchanged by the infusion in prolonged starvation (Table II).
Effect of prolonged ketone infusions on amino acid levels and nitrogen excretion during prolonged (5-10 wk) starvation. Administration of Na DL-/-OHB over 12 h on 2 consecutive days resulted in elevations in total ketones to 9.62±0.80 mM and 9.87±0.62 mM at the conclusion of the infusion on day 1 and day 2, respectively. The ratio of 1-OHB to AcAc, which was 4.7±0.7 before the infusion, was unchanged by ketone administration (4.6±0.4). Plasma glucose and insulin were unchanged. Serum bicarbonate which was 22±1 meq/ liter before the infusion rose by 5±1 meq/liter at completion of the infusion.
In Table III, plasma amino acid concentrations are shown before the prolonged ketone infusions, at termi- T P values refer to significance of difference from time "0" (paired t test)
Only values which differ significantly are indicated.
18 AM (P < 0.025) on day 1 and day 2 of the infusion, respectively. During the postinfusion control period, plasma alanine returned to preinfusion levels (Fig. 5) .
Other than alanine, consistent declines during both days of the infusion were observed only for serine and a-aminobutyrate. A small, but significant, increase was observed in isoleucine (Table III) .
In Fig. 5 , data on urinary nitrogen excretion are shown. Urinary nitrogen excretion remained stable during the 4-day preinfusion control period. By the second infusion day, total nitrogen, urea nitrogen, and ammonia excretion were reduced by 26%, 34%, and 33%, respectively. Total nitrogen decreased from 3.59± g/g creatinine per 24 h (P < 0.005). On the first postinfusion day, urinary nitrogen excretion remained depressed as compared to the preinfusion control period, i.e., total nitrogen 2.77+0.38 g/g creatinine per 24 h (P < 0.025), urea nitrogen 0.75±0.32 g/g creatinine per 24 h (P < 0.025), and ammonia nitrogen 1.08±0.14 g/g creatinine per 24 h (P < 0.05), and then gradually returned to preinfusion control levels. Changes in plasma alanine closely paralleled the changes observed in urinary nitrogen excretion (Fig. 5) . The magnitude of the decrease in plasma alanine on the second infusion day (29%) closely approximated the magnitude of the decline in nitrogen excretion (26-34% ).
DISCUSSION
The current data demonstrate that physiologic increments in blood ketone concentrations induced by infusion of Na DL-P-hydroxybutyrate are associated with a prompt reduction in plasma alanine concentration in normal and obese subjects. The magnitude and rate of decline in circulating alanine exceeded that of all other amino acids. The hypoalaninemic effect of the ketone infusions was demonstrable in fasted as well as postabsorptive subjects. In subjects fasted 3 days or 3-5k wk, alanine levels, which were already reduced from prefast concentrations, fell an additional 30-48% after ketone infusion. Furthermore, the hypoalaninemic effect of prolonged infusions of ketones in fasted subjects was associated with a significant decline in urinary nitrogen excretion. That the changes in alanine levels did not reflect a nonspecific result of plasma volume expansion or diurnal variations is indicated by the failure to induce hypoalaninemia with equimolar infusions of sodium chloride (Fig. 2) . In a like manner, the alkalinizing effect of the i-OHB cannot be implicated inasmuch as NaHCO3 administration was also without effect on plasma alanine concentration (Fig. 2) .
The present findings are of particular interest with respect to glucose homeostasis and protein catabolism in starvation. Previous studies have shown that decreased hepatic gluconeogenesis and nitrogen excretion in prolonged fasting are a consequence of diminished availability of circulating alanine (3, 4) . The degree of hypoalaninemia induced by a 6-h infusion of ketones was comparable to the decline in basal alanine levels observed after prolonged starvation (Table II) . When hypoalaninemia was maintained by prolonged infusion of ketones, a significant decline in urinary nitrogen excretion was observed which reverted to preinfusion levels after cessation of the infusion (Fig. 5) . These data thus suggest that hyperketonemia may be a contributory factor in the development of hypoalaninemia and decreased protein catabolism observed in starvation. Ketones thus may serve a dual role in starvation, in replacing glucose as fuel for the brain (2) and in reducing substrate availability for gluconeogenesis. Evidence supporting a protein-sparing effect of ketones has recently been presented by Blackburn, Flatt, Clowes, and O'Donnell (19) . These authors noted that nitrogen balance improved in proportion to hyperketonemia in postoperative patients receiving i.v. amino acids.
The current observations are also of interest with respect to the hypoalaninemia reported in normal pregnancy (20) and in ketotic hypoglycemia, a common disorder of blood glucose homeostasis observed in young children (21) . In both circumstances, hypoalaninemia has been implicated in the pathogenesis of exaggerated starvation ketosis and hypoglycemia. The present data suggest that hypoalaninemia may be a consequence rather than a cause of the hyperketonemiia observed in those conditions. Ketone-induced hypoalaninemia could result from a decrease in muscle outflow of this amino acid, an increase in hepatic uptake, or both (6) . To the extent that ketone infusions cause a fall in blood glucose (18) , a reduction in endogenous glucose production (22) , and decreased nitrogen excretion, it is unlikely that augmented hepatic uptake of this key gluconeogenic precursor is responsible for the reduction in plasma alanine. On the other hand, the current findings of nitrogen sparing in association with decreased circulating alanine levels suggest a diminution in muscle release of this amino acid. Moreover, they may provide an explanation for the decrease in glucose production previously reported with ketone infusions (22) .
\Vith respect to the mechanism whereby ketones could affect muscle output of alanine, synthesis of this amino acid by muscle tissue has been demonstrated to be influenced by the availability of glucose-derived pyruvate (23, 24) and the rate of breakdown of the branched chain amino acids (valine, leucine, and isoleucine) (24) . The latter are believed to be the source of the amino groups for alanine formation (24) . Although the present study does not provide data on pyruvate concentrations in muscle, the ketone infusions were without effect on blood pyruvate levels (Fig. 1) . On the other hand, physiologic increments in Na DL-P-OHB have been demonstrated to inhibit the oxidation of branchedchain amino acids (25) . Furthermore, branched-chain amino acids have been demonstrated to decrease the rate of overall protein catabolism in isolated muscle (26) . Interestingly, the prolonged ketone infusion resulted in a small, but significant, increment in isoleucine levels (Table III) and in no instance reduced the level of leucine. Ketone-induced hypoalaninemia and protein conservation thus may reflect inhibition of branchedchain amino acid oxidation in muscle.
The fall in plasma alanine and nitrogen excretion induced by ketone infusion occurred in the absence of changes in plasma insulin or glucagon. Transient increments in plasma insulin have been observed with acute bolus infusions of AcAc in man (27) . However, previous investigators have also noted that continuous infusions of ketone acids fail to increase plasma insulin in peripheral blood (18, 28, 29) . Although growth hormone was not measured in the present study, other reports have shown that increased levels of growth hormone are without effect on total urinary nitrogen excretion in prolonged starvation (30) .
In addition to the diminution in urea excretion, urinary ammonia loss also fell during the ketone infusions (Fig. 5) . The principal nitrogenous precursor for renal ammonia production is glutamine (31), the concentration of which decreases during starvation (32) . Further studies will be necessary to determine if ketone infusions influence glutamine levels in a manner comparable to alanine. In addition, in contrast to the situation with regard to alanine levels and urea excretion, a possible contribution of the mild alkalinizing effect of the ketone infusion in reducing urinary ammonia excretion cannot be excluded.
As starvation progressed, equimolar infusion of Na-DL-1-OHB resulted in greater increments in blood ketone concentration (Fig. 3) . In addition, whereas a stable concentration of total ketones was achieved in postabsorptive subjects within 30-60 min, in the fasted group ketone levels rose progressively over 6 h (Fig.  3) . The data thus suggest a progressive diminution or saturation in the rate of total ketone degradation during starvation. These findings are in agreement with previous conclusions based on observations of forearm uptake and splanchnic production of ketone bodies (33, 34) and the disappearance rate of bolus injections of AcAc (27) .
Finally, it should be noted that the ketone infusion employed in the present study was the racemic mixture of 1-OHB. The L(+)-isomer does not naturally occur in mammalian species. Rat tissue homogenates are however, capable of utilizing the L(+)-isomer via a series of reactions which bypass AcAc formation (35) . It is not established whether this alternative pathway is active in man. The enzymatic method used to measure P-OHB precludes measurement of the L (-+-) -isomer.
It is thus possible that our data underestimate the concentrations of ketones necessary to produce hypoalaninemia. However, it should be noted that hypoalaniniemia was observed at mean levels of D-(-) -P-OHB of 0.8 mM (Fig. 1) which are only one-sixth the levels achieved in prolonged fasting. Thus even a gross underestimate of total circulating ketones would not preclude an increment within the physiologic range with the infusion procedure employed in the present study.
